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Abstract
Dimensionless thermoelectric figure of merit ZT is investigated for two-
dimensional organic conductors τ -(EDO-S,S-DMEDT-TTF)2(AuI2)1+y, τ -
(EDT-S,S-DMEDT-TTF)2(AuI2)1+y and τ -(P-S,S-DMEDT-TTF)2(AuI2)1+y
(y ≤ 0.875), respectively. The ZT values were estimated by measuring elec-
trical resistivity, thermopower and thermal conductivity simultaneously. The
largest ZT is 2.7 × 10−2 at 155 K for τ -(EDT-S,S-DMEDT-TTF)2(AuI2)1+y,
1.5 × 10−2 at 180 K for τ -(EDO-S,S-DMEDT-TTF)2(AuI2)1+y and 5.4 ×
10−3 at 78 K for τ -(P-S,S-DMEDT-TTF)2(AuI2)1+y, respectively. Substi-
tution of the donor molecules fixing the counter anion revealed EDT-S,S-
DMEDT-TTF is the best of the three donors to obtain larger ZT .
Keywords: Thermoelectric figure of merit, Organic conductor, Electrical
resistivity, Thermopower, Thermal conductivity
PACS: 84.60.Bk, 72.80.Le, 72.15.Eb, 72.15.Jf
1. Introduction
Dimensionless thermoelectric figure of merit ZT = S2/ρκ is known as a
measure of efficiency of thermoelectric power generation, where S, ρ and κ
denote thermopower (Seebeck coefficient), electrical resistivity and thermal
conductivity, respectively. Lower κ is required to keep temperature differ-
ence between the ends of a thermoelectric material generating electricity by
Seebeck effect. Few studies have been reported for κ of organic conductors
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from this view point, though organics generally have much lower κ than
conventional metals.
Recently some of the present authors have reported that τ -(EDO-S,S-
DMEDT-TTF)2(AuBr2)1+y (y ≤ 0.875) shows relatively large ZT of 0.042 at
130 K as an organic conductor [1], where EDO-S,S-DMEDT-TTF is an abbre-
viation of ethylenedioxy-S,S-dimethyl(ethylenedithio)tetrathiafulvalene (Fig.
1) and it is further shorten as OOSS below. Among twelve donors giving τ -
type salts, those in Fig. 1 are know to give salts of a common anion AuI−2 .
It is worth comparing the three transport properties and ZT of these AuI2
salts with different donors to devise a strategy of synthesizing a donor giving
more efficient thermoelectric organic materials. Temperature dependence
of ZT of OOSS-AuI2 and SSSS-AuI2 (SSSS = EDT-S,S-DMEDT-TTF or
ethylenedithio-S,S-dimethyl(ethylenedithio)tetrathiafulvalene) are reported
elsewhere [2, 3]. In this study ZT of NNSS-AuI2 (NNSS = P-S,S-DMEDT-
TTF or pyrazino-S,S-dimethyl(ethylenedithio)tetrathiafulvalene) is determined
and compared with the previous results.
Figure 1: Organic donors giving τ -type organic conductors.
2. Experimental
Synthesis of NNSS was reported previously [4]. Crystals of NNSS-AuI2
were grown by electrochemical oxidation method. Samples studied are single
crystals or polycrystals made of a few single crystals. Sample sizes of OOSS-
AuI2, SSSS-AuI2 and NNSS-AuI2 are 0.78 × 0.34 × 0.02 mm
3, 1.22 × 0.36
× 0.02 mm3 and 0.84 × 0.28 × 0.04 mm3, respectively.
Crystal structures of the τ -type conductors are made of alternating stacks
of conducting and insulating layers. The conducting layer contains 2:1 com-
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position of donor molecules and anions, while the insulating layers does only
anions corresponding to the composition y. For OOSS-AuBr2, elemental
analysis suggests y ∼ 0.75 [5], while X-ray photograph revealed existence of
a superstructure from which the upper limit of y was estimated as 0.875 [6].
Crystal structure analysis is very difficult for all the τ -type conductors due
to the superstructure.
Figure 2 shows a sample holder to measure ρ, S and κ simultaneously.
A conventional DC four-probe method was used to measure ρ. Two of four
pairs of Chromel-Constantan thermocouples (12.5 µm in diameter) were at-
tached directly to the sample with carbon paste and the others were done
to the Manganin wire (50 µm in diameter) connected to the sample in series
to measure κ by a steady-stated comparative method. After making steady
thermal gradient on the sample and Manganin wire by a heater, the tem-
perature gradient on the sample and on the Manganin wire was measured
by using each two pairs of the thermocouples. Then thermoelectric power
between the ends of the Chromel-sample-Chromel open circuit as well as
between the ends of the Constantan-sample-Constantan one was also mea-
sured to determine S of the sample by a so-called direct method. These
three transport coefficients were measured along two-dimensional conduct-
ing plane of the salts between 78 and 300 K at ambient pressure. Details of
the measurement technique are described elsewhere [7].
Thermal gradient to measure κ and S was typically between 0.15/l and
0.4/l K, where l is the distance between the thermocouples on the sample
and in the order of 0.5 mm. The sample holder was covered by a copper
radiation shield to minimize the heat loss by radiation. The magnitude of
κ determined by the present method for Alumel is twice as large as that in
literature [8] but shows almost the same temperature dependence between
78 and 300 K. This implies that the latter gives most of error in the present
measurement.
3. Results and discussions
Metallic ρ was observed for all the materials, though the temperature
dependence is very weak (Fig. 3(a)). A recent band structure calculation on
OOSS-AuBr2 by Aizawa et al. shows that the band gap between the con-
duction band, where a small number of carriers exist, and the valence band
is very small [9]. Then thermally activated carriers can make the temper-
ature dependence of ρ away from purely metallic. In contrast, the metallic
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Figure 2: Sample holder to measure electrical resistivity, thermopower and thermal con-
ductivity simultaneously.
temperature dependence of the present salts down to 78 K suggests that the
contribution of thermally excited carriers to electrical conduction is relatively
small.
The sign of S is negative as was observed for the other τ -type conductors
as in Fig. 3(b). The room temperature value -4 µV K−1 for NNSS-AuI2 is
the smallest among this class of materials, though |S| reaches 90 µV K−1
at 78 K. OOSS-AuI2 and SSSS-AuI2 show the largest |S| of 80 and 110 µV
K−1 at about 160 K, respectively. Although |S| of NNSS-Au2 does not show
maximum down to 78 K, it should turn to decrease below the temperature
since S becomes zero at 0 K.
The band structure calculation for OOSS-AuBr2 suggests that there is a
flat dispersion around the Fermi level [9] and this is a common feature due
to τ -type donor packing. Kuroki and Arita call this kind of band “Pudding
Mold”-type and pointed out that such an electronic system can give large
|S| in the order of 100 µV K−1 as in NaxCoO2.9 [10]. Furthermore Aizawa
et al. have succeeded to reproduce not only the magnitude but also the
temperature dependence of S of the τ -type conductors by semi-classical cal-
culation based on the band structure calculation [9]. It was also shown that
temperature and magnitude of the maximum of |S| are explained by com-
petition between negative contribution by electrons in the conduction band
and positive contribution by thermally excited carriers over the small band
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Figure 3: Temperature dependence of (a) electrical resistivity, (b) thermopower and (c)
thermal conductivity of τ -(EDO-S,S-DMEDT-TTF)2(AuI2)1+y (OOSS-AuBr2), τ -(EDT-
S,S-DMEDT-TTF)2(AuI2)1+y (SSSS-AuBr2) and τ -(P-S,S-DMEDT-TTF)2(AuI2)1+y
(NNSS-AuBr2), respectively.
gap.
It should be noted that |S| of NNSS-AuI2 and OOSS-AuI2 is much smaller
than that of corresponding AuBr2 and AuCl2 salts. In other words, a salt
of a smaller anion gives larger |S| [2, 3]. Since |S| of SSSS-AuI2 is larger
than that of OOSS-AuI2, much larger |S| than ever observed is expected
for SSSS-AuBr2 and SSSS-AuCl2, though no one has ever reported these
materials.
The accuracy of κ is not so high as that of the electrical properties ρ and S
due to possible thermal leak through the thermocouples as well as remaining
gas in a vacuum chamber where the sample holder is contained. It can be,
however, concluded that κ of these materials is in the order of 1 W K−1 m−1 as
is close to that of the other organic conductors ever reported. Contribution
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Figure 4: Temperature dependence of dimensionless thermoelectric figure of merit of τ -
type conductors
of electrical carriers to thermal conduction is estimated to be very small
and in the order of % when one uses ρ for the estimation simply assuming
Wiedemann-Franz law. The small thickness (∼0.02 mm) of the crystals,
however, prevents us extracting more precise information by comparing the
absolute values of κ in Fig. 3(c).
Figure 4 shows ZT calculated from the data in Fig. 3. The largest ZT
is 2.7 × 10−2 at 155 K for SSSS-AuI2, 1.5 × 10
−2 at 180 K for OOSS-
AuI2 and 5.4 × 10
−3 at 78 K for NNSS-AuI2, respectively. The small S
of NNSS-AuI2 is the reason why its ZT is much smaller than that of the
others. Substitution of oxygen atoms of OOSS with bigger sulfur ones gives
SSSS and it should make overlap between neighboring molecular orbitals
in the conduction layer of SSSS-AuI2 larger than that in OOSS-AuI2. The
observed larger |S| of SSSS-AuI2 than that of OOSS-AuI2 is consistent with
one of possible predictions that a wider “Pudding Mold” band results in
larger |S| as is opposite to that observed for conventional metals [9] and
also explains larger ZT of SSSS-AuI2 than that of OOSS-AuI2. Thus we
can conclude that salts of donor molecules containing bigger heteroatoms
like sulfur and, further, selenium with smaller anions like AuBr−2 and AuCl
−
2
are the best candidates to obtain much larger ZT than 0.042 observed for
OOSS-AuBr2 at 130 K [1].
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4. Summary
The dimensionless thermoelectric figure of merit ZT was estimated by
measuring ρ, S and κ of OOSS-AuI2, SSSS-AuI2 and NNSS-AuI2, respec-
tively. It was found that NNSS-AuI2 gives much smaller ZT than that of the
OOSS and SSSS salts due to much smaller |S| at higher temperatures. By
comparing the results for the AuI2 salts with different kinds of donors, it was
found that SSSS is the best donor to get larger ZT as well as larger |S|. The
“Pudding Mold” band model explains not only this tendency but also that
a smaller anion gives larger |S| as was reported before. The present result
can be utilized as a new guideline to develop novel thermoelectric materials
based on organic molecules.
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